We leverage on optical and radar remote sensing data acquired from the European Space Agency (ESA) Sentinels to monitor the surface deformation evolution on a large and very active instability located in the Swiss Alps, i.e., the Moosfluh rock slope. In the late summer 2016, a sudden acceleration was reported at this location, with surface velocity rates passing from maximum values of 0.2 cm/day to 80 cm/day. A dense pattern of uphill-facing scarps and tension cracks formed within the instability and rock fall activity started to become very pronounced. This evolution of the rock mass may suggest that the most active portion of the slope could fail catastrophically. Here we discuss advantages and limitations of the use of spaceborne methods for hazard analyses and early warning by using the ESA Sentinels, and show that in critical scenarios they are often not sufficient to reliably interpret the evolution of surface deformation. The insights obtained from this case study are relevant for similar scenarios in the Alps and elsewhere.
Introduction
The progressive evolution of a slope towards catastrophic failure is often associated to an exponential increase of ground displacements [1, 2] . For this reason, accurate monitoring data of surface deformation in slope areas is a key to promptly identify spatial and/or temporal behavioral changes. Remote sensing techniques have demonstrated in recent years to be a valid complement to the standard in-situ monitoring techniques [3] [4] [5] [6] . In particular, satellite based imagery allowed great advances in the identification, mapping, and quantification of surface deformation processes of slopes both at regional and local scales. An important technique to monitor slope displacement is spaceborne Differential Synthetic Aperture Radar Interferometry (DInSAR, [7] ). This method can be used to measure ground deformation by relying on the phase difference between multi temporal SAR acquisitions, with accuracies in the range of mm to cm [5, 8] . Some limitations on the use of DInSAR technique arise when the surface deformation is relatively large and rapid [9, 10] . Indeed, when the deformation rate overcomes spatial and/or temporal aliasing thresholds, the coherence of the radar phase is not preserved and thus measurements are hindered [11] . This problem arises when a large deformation gradient affects relatively small areas, a characteristic scenario for slope instabilities evolving towards failure [9] . Several authors have proposed to overcome this limitation by analyzing the amplitude information of SAR images with Digital Image Correlation (DIC) techniques [12] [13] [14] [15] .
This approach allows retrieving surface displacements also when large spatial gradients occur; however, accuracies are reduced compared with standard DInSAR approaches [11, 16] . In addition to SAR imagery, optical and multispectral data acquired from a large number of orbiting satellites can be nowadays exploited to build time series spanning decades, and to detect surface changes associated to ground displacements [17, 18] . Likewise, in this case DIC approaches can be used to quantify offsets caused by the deformation. This strategy was initially developed to study the rapid flow of large glaciers [19] , but more and more often applied to slope instabilities and landslide events [20, 21] .
In general, spaceborne remote sensing data is considered to quantify surface displacements in back analyses, either over regional scale to map the active slope instabilities and assess hazard potential [22] [23] [24] , or to perform forensic studies at the scale of a single slope shortly before/after a landslide failure event occurs [25, 26] . However, systematic satellite acquisitions with revisit times and ground sampling distances suitable for slope instability monitoring are nowadays available. In particular, the European Space Agency (ESA) missions known as "Sentinels" developed within the operational needs of the Copernicus program, formerly GMES, can be considered as a real game changer [27] . In this work, we take advantage of the ESA Sentinel-1 (radar imagery) and Sentinel-2 (multispectral imagery) to study the evolution of a deep seated gravitational slope deformation (DSGSD) located in the crystalline basement of Swiss Alps, near the tongue of the Great Aletsch Glacier (see Figure 1 ). This area, hereafter referred to as the Moosfluh rock slope instability, has shown evidences of slow but progressive increase of surface displacements during the past 20 years from about 4 cm/year during the 1990's to more than 20 cm/year in 2008 [6, 28] . In the late summer 2016, a sudden acceleration was reported, with surface velocity rates reaching maximum values of about 80 cm/day. During the following winter (November 2016-March 2017) ground deformation decelerated, however, rates were still conspicuous compared with previous winter periods. The entire instability area developed a dense pattern of steeply dipping antithetic and synthetic scarps with in-plane shear of several meters and minor extension. In addition, large secondary scarps developed within the DSGSD (see Supplementary Materials, Figure S1 ). This evolution of the rock mass may suggest that a significant portion of the slope could fail [29] . The aim of this study is to investigate if spaceborne data acquired from the Sentinels are suitable to measure accurately surface deformation in a critical scenario of slope instability evolving towards a potential catastrophic failure event.
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Data and Methods
The ESA Sentinels are equipped with different technologies ranging from radar to multispectral sensors, and can be applied to monitor diverse parameters to characterize atmosphere, oceans, and land. Compared to previous space programs, the Sentinels are designed to provide unprecedented spatial coverage and revisit times. Sentinel-1 and Sentinel-2 constellations acquire data relevant to identify and measure surface deformation due to slope instability on Earth's surface, thus are relevant for our analyses.
Sentinel-1 is a C-Band radar-imaging mission (wavelength λ = 5.6 cm) composed of two satellites projected to study land and oceans [30] . Sentinel-1A (S1A) was launched on 3 April 2014 and Sentinel-1B (S1B) on 25 April 2016. S1 constellation provides multiple SAR image acquisition strategies. Among them, the TOPS Interferometric Wide swath (IW) acquisition mode has been specifically designed for DInSAR applications [31] . The combination of data acquired from S1A and S1B satellites provides almost global coverage of the Earth's surface and revisit times between 6 and 12 days (i.e., same area and same orbit path suitable for DInSAR). Ground sampling distances (GSD) are in the order of 2.3 m in range and 13.6 m in azimuth directions, respectively. Sentinel-2 is a multispectral high-resolution imaging mission composed also of twin satellites for land monitoring providing imagery of vegetation, soil and water cover, inland waterways and coastal areas [32] . Sentinel-2A (S2A) was launched on 23 June 2015 and Sentinel-2B (S2B) followed on 7 March 2017. S2 sensors provide 13 spectral bands ranging from visible to short-wavelength infrared (SWIR), with revisit times between 5 and 10 days (same orbit over the same area for comparative analyses) and GSD ranging from 10 to 60 m.
We considered 38 Sentinel-1 and 35 Sentinel-2 images acquired in the period of March-October, 2017, over the Moosfluh area (see also the Supplementary Materials, Tables S1 and S2). We focused our analysis on this specific time window to increase the chances of obtaining snow free imagery, but also because surface deformation at the Moosfluh rock slope increases in spring and early fall periods, and fades during summer and winter times [28] . This behavior was observed over several seasons with in-situ monitoring instruments and the underlying mechanisms are currently studied in detail. Spring acceleration of alpine DSGSD is usually explained in Moosfluh but also in other alpine rock slope instabilities as the effect of ground water pressure variations due to the infiltration of snow melt [1, 28, 33] , however, the physical processes governing the accelerations in late summer might be related to interactions with the valley glacier at the landslide toe. Here we measure surface deformation at Moosfluh with two approaches: (1) DInSAR analyses of the phase information of the Sentinel-1 dataset; (2) DIC applied to the SAR amplitude information of the Sentinel-1 dataset, and to the surface reflectance data of the Sentinel-2 dataset.
DInSAR Analysis
Considering the S1A and S1B imagery available and suitable to fully image displacements occurring in our study area (track 66, descending path, see also the Supplementary information, list of images), 67 differential interferograms were computed with the GAMMA software [34] . We have paired subsequent acquisitions to obtain the shortest possible temporal separation between SAR images (6 days) and thus minimize phase decorrelation effects due to temporal discrepancy (best case scenario). Moreover, we also generated interferograms with 12 days temporal baseline, to assess DInSAR results in a potential scenario of accelerated surface deformation in areas where the 6 days revisit time capabilities of Sentinel-1 are not available [30] . Because the average value and standard deviation of perpendicular baselines are 50 m and 38 m, respectively (see also Supplementary Materials, Table S3 ), SAR phase decorrelation in the interferograms is expected mainly due to disturbances occurring at the ground surface [35] .
DIC Analysis
Digital Image Correlation analyses can be applied to measure sub-pixel misalignments potentially associated to surface deformation occurring parallel to the image plane. This converts to along-track (azimuth) and across-track (range) directions for Sentinel-1 radar data, and E-W and N-S motions for Sentinel-2 imagery. Considering the best Ground Sampling Distance (GSD) of Sentinel-1 and Sentinel-2 (i.e., GSD = 2.3 m in range direction and GSD = 13.6 m in azimuth direction for S1, Single-Look-Complex (SLC) data, and GSD = 10 m for S2 data), with the DIC analysis we expect to measure surface deformation in the order of decimeters to several meters [11] . Among several DIC methods developed to measure surface displacement from remote sensing imagery [36] , here we selected the FFT based cross-correlation approach proposed by [37] . For S1 data, we relied on the SLC intensities (in slant-range) after performing an initial co-registration step to obtain a homogeneous alignment of the multitemporal SAR acquisitions [38] . Instead, for S2 data we used the Level 2A Bottom-Of-Atmosphere corrected reflectance product in ground geometry (B8 SWIR spectral band, central wavelength 842 nm).
For both S1 and S2 imagery, we applied an initial co-registration step to mitigate the effects of potential rigid shifts between master and slave imagery due to different acquisition parameters. Then, a correlation window size of 64 × 64 pixels with an oversampling factor 4× was used to measure sub-pixel offsets due to deformation [39] . Image pairing strategy for S1 data followed the same approach applied for DInSAR (see Section 2.1). For what concerns S2 data, two adjacent paths covered the area of Moosfluh during the time period analyzed, i.e., tracks R108 and R065, both with revisit time of 10 days (see also Supplementary Materials, Table S3 ). Figure 1 ). Differential interferograms were generated by using a high resolution DEM (SwissALTI3D, 2 m GSD) and filtered [40] to increase signal-to-noise ratio. See also the Supplementary Information for the full set of differential interferograms. Figure 1 ). Differential interferograms were generated by using a high resolution DEM (SwissALTI3D, 2 m GSD) and filtered [40] to increase signal-to-noise ratio. See also the Supplementary information for the full set of differential interferograms computed. Figure 1 ). Differential interferograms were generated by using a high resolution DEM (SwissALTI3D, 2 m GSD) and filtered [40] to increase signal-to-noise ratio. See also the Supplementary Information for the full set of differential interferograms.
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Figure 2.
Selection of the Sentinel-1 (track 66, descending orbit) differential interferograms with 6days temporal separation over the area of Moosfluh rock slope instability for the period March-October 2017. Time of acquisition for the SAR image pairs is provided in the format YYYY.MM.DD. White boundary in the upper left interferogram delineates the approximate area of the Aletsch glacier and Moosfluh slope instability (cf. Figure 1 ). Differential interferograms were generated by using a high resolution DEM (SwissALTI3D, 2 m GSD) and filtered [40] to increase signal-to-noise ratio. See also the Supplementary Information for the full set of differential interferograms. Figure 1) . Differential interferograms were generated by using a high resolution DEM (SwissALTI3D, 2 m GSD) and filtered [40] to increase signal-to-noise ratio. See also the Supplementary information for the full set of differential interferograms computed. Figure 1) . Differential interferograms were generated by using a high resolution DEM (SwissALTI3D, 2 m GSD) and filtered [40] to increase signal-to-noise ratio. See also the Supplementary information for the full set of differential interferograms computed. Figure 4 shows the results obtained by applying the DIC approach on the S1 and S2 available datasets. The initial target was to achieve displacement measurements considering the minimum, however, this pairing strategy has provided unreliable measurements for both S1 and S2 dataset. Figure 4 shows the results obtained by applying the DIC approach on the S1 and S2 available datasets. The initial target was to achieve displacement measurements considering the minimum, however, this pairing strategy has provided unreliable measurements for both S1 and S2 dataset. However, in the S1 pairs of 6-and 12-days the noise is very high. Instead, due to different acquisition parameters and/or atmospheric conditions (e.g., different sun angles, diffused and/or local cloud cover over Moosfluh, etc.), the number of S2 pairs suitable for DIC was severely reduced (see also Supplementary Materials, Table S4 ). For this reason, we have identified among the dataset However, in the S1 pairs of 6-and 12-days the noise is very high. Instead, due to different acquisition parameters and/or atmospheric conditions (e.g., different sun angles, diffused and/or local cloud cover over Moosfluh, etc.), the number of S2 pairs suitable for DIC was severely reduced (see also Supplementary Materials, Table S4 ). For this reason, we have identified among the dataset image pairs providing reliable results, releasing the time constraint and targeting the average displacement rates. Several DIC attempts were performed and for both S1 and S2 data we obtained results in agreement with our ground observation, only with data pairs attaining temporal separations of several months. In Figure 4a , we show the results for a S1 pair spanning the summer period between June and October 2017. In the lower portions of the Moosfluh slope, decorrelated in the results obtained with standard DInSAR (see Section 3.1), the DIC results show large surface velocities (up to 0.15 m/day). This is in agreement with the DIC results obtained on the two S2 tracks, with values reaching up to 0.2 m/d in the portions near to the glacier tongue. Differences in surface displacement rates and their areal distribution between S1 and S2 DIC results can be observed due to different noise levels in the source imagery and/or also due to the different acquisition geometries (~40 degrees from vertical looking angle for S1, almost nadir for S2).
Results of DIC Analysis
Discussion
When slope deformation suddenly increases, serious concerns are posed to elements at risk, such as population and/or infrastructures located within the area of influence of a potential landslide event [41] . For this reason, the selection of monitoring approaches aimed at managing the critical scenarios is crucial [42] . Spaceborne and airborne remote sensing data are usually exploited to identify and/or map areas showing signs of slope activity and threated more as a long term planning tool, while ground based monitoring technologies are favored in case of Early Warning Systems aimed at providing timely information during the ultimate stages towards failure. Advances in spaceborne technology, particularly connected with the advent of the ESA Copernicus program, have pushed forward the idea of using satellite imagery also for the systematic and/or near-real-time monitoring of accelerated slope deformation. As far as Sentinel-1 data are concerned, Intrieri et al. [26] have used DInSAR time series after the occurrence of the Maoxian landslide event (Sichuan province, China), suggesting that acquisitions with a short revisiting time could be used not only as a tool for mapping unstable areas, but also for systematic landslide monitoring. In addition, Moretto et al. [43] have explored the possibility to use DInSAR time series to monitor landslide in pre-failure stages by simulating accelerated slope deformation over more than 50 landslide events as they would be acquired from past, actual, and future constellations of SAR satellites, including the Sentinel-1. They concluded that, based on Sentinel-1 acquisition parameters, phase ambiguity and revisit time limitations would have allowed to follow the evolution towards failure only for a minor portion of the analyzed dataset. Recently, Carlà et al. [44] have performed a retrospective analysis of a slope failure in an open-pit mine by combining ground-based radar and Sentinel-1 data, concluding that the shortened revisit time of modern satellites offers the opportunity to overcome problems related to high deformation gradients and thus help to identify and characterize impending slope failures. For what concerns Sentinel-2 data, Stumpf et al. [20] have developed a multi pairwise image correlation approach to detect and monitor surface displacement due to slope instability over large areas. They concluded that a systematic implementation of their approach could potentially allow sampling seasonal dynamics at the slope scale (i.e., accelerations due to ground water table variations associated to rainfall and/or snowmelt).
In this work, we aimed at conveying additional indications to this topic. Differently from previous studies, we attempt to leverage on the Sentinels during the critical phase (still ongoing at the time of writing), i.e., before and not after a major failure occurrence. We have processed Sentinel-1 and Sentinel-2 data available over the Moosfluh DSGSD, i.e., the most active and large DSGSD in the European Alps (150-200 millions of cubic meters). Even though we expect that only the lower part of the Moosfluh instability could fail catastrophically, this would be one of the largest rock slope failure events in the Alps since Vajont. In September 2016, large portions of the slope have shown signs of accelerated surface deformation [28] , suggesting a potential transition from block toppling into sliding and possibly into a kind of tertiary creep stage [29] . Our results show that differential interferograms of Sentinel-1 data with temporal separation of 6-and 12-days well image the spatial and temporal evolution of the deformation affecting the upper portions of the Moosfluh slope starting from the end of May until end of October 2017.
In Figure 5 we compare the average velocities retrieved from DInSAR versus measurements obtained from two ground based points systematically monitored since 2013 [1] . From the time series we note that the highest surface velocities in the upper portion of the slope (p35 in Figure 5 ) reached up to 0.012 m/day at the end of March. However, during this period, rapid surface changes due to snow melt affect the signal coherence, and thus hinders DInSAR analyses to catch such acceleration despite surface velocities would be still free from phase ambiguities. Starting from the middle of May (snow completely melted) velocity values become compatible to ground measurements. Slight differences between measurements are likely related to intrinsic DInSAR limitations (e.g., atmospheric phase screen), as well as by the fact that measurements at p35 are extremely local while DInSAR measurements are the average over the upper portions of Moosfluh. For what concerns the lower portions of the slope, we have shown that they are affected by low signal coherence during the whole observation period. Indeed, ground velocities affecting this area are already high at the beginning of the observation period (around 0.04 m/day at p75 in March, see Figure 5 ), and reach their climax at the beginning of September (0.25 m/day). Stacking the interferogram results to increase the signal-to-noise ratio (see Supplementary Material, Figure S3 ), as well as performing advanced DInSAR to derive time series [45] [46] [47] [48] , is not helpful in this case, because these approaches rely on stable signal coherence over the temporal windows of analysis. Figure 1 ). Ground measurements are projected towards the satellite LOS. Note: velocities of p75 are one order of magnitude higher, values are on the right y-axis.
We have shown that DIC methods can be used to take advantage of the amplitude information contained in the satellite SAR images. This approach is similar to what is proposed in other geohazards scenarios, where the combined use of satellite SAR phase and amplitude has increased the possibility to measure and better interpret the surface deformation field [49, 50] . Our results for Moosfluh suggest that DIC is particularly convenient to map the area affected by large slope deformation as well as to obtain fairly accurate surface velocities over selected time periods. Indeed, average velocities obtained from DIC on S1 and S2 data are well in agreement with values at p75 for the same time frame (see Figures 4 and 5) . Although, we have also found that measurements obtained on the shortest possible revisit time (6-days for S1 and 10-days S2) are not suitable to monitor the Figure 1 ). Ground measurements are projected towards the satellite LOS. Note: velocities of p75 are one order of magnitude higher, values are on the right y-axis.
We have shown that DIC methods can be used to take advantage of the amplitude information contained in the satellite SAR images. This approach is similar to what is proposed in other geohazards scenarios, where the combined use of satellite SAR phase and amplitude has increased the possibility to measure and better interpret the surface deformation field [49, 50] . Our results for Moosfluh suggest that DIC is particularly convenient to map the area affected by large slope deformation as well as to obtain fairly accurate surface velocities over selected time periods. Indeed, average velocities obtained from DIC on S1 and S2 data are well in agreement with values at p75 for the same time frame (see Figures 4 and 5) . Although, we have also found that measurements obtained on the shortest possible revisit time (6-days for S1 and 10-days S2) are not suitable to monitor the evolution of surface displacements in critical scenarios where accurate monitoring is necessary. Advanced methodologies developed to combine multiple image pairs can only slightly improve the accuracy of DIC, because the main limitation is connected to the coarse GSD. The velocities observed at the Moosfluh DSGSD in fall 2016 and 2017 (0.2-0.8 m/day) are substantially bigger than most early warning threshold of past rock slope failures (e.g., 1 mm/day to 5 mm/h at the Preonzo instability complex of 0.22 millions of cubic meters, [2] .) For smaller rock slope instabilities, the GSD might become a more critical parameter. By using of spaceborne data acquired with smaller GSD, accuracies of DIC results increase (see also Supplementary Materials, Figure S4 ), however, revisit times for these satellites, as well as data access is not straightforward as for the Sentinels. Thus, systematic monitoring would be probably possible only at specific sites while hindered elsewhere. Moreover, considering optical/multispectral sensors, the problem of atmospheric disturbances (both regional or at the scale of the slope) remains.
Ground-Based Remote Sensing as a Complement in Critical Scenarios?
Systematic monitoring of surface deformation performed with in-situ methods can also be complemented with terrestrial remote sensing, including ground based radar and optical imagery acquisitions [44, [51] [52] [53] [54] . These techniques are particularly convenient when the area of investigation has some access limitations due to high rates of surface deformation (e.g., formation of open fractures and increased rock fall activity). Moreover, spatial coverage of measurements is higher compared with in-situ measurements (usually point measurements), while temporal resolution and accuracies are comparable [51, 55] . In Figure 6 we show the results obtained by using two different ground based remote sensing instruments to catch the large deformation occurring in the lower portions of the Moosfluh instability. The first one is a portable real aperture radar interferometer (Gamma Portable Radar Interferometer, GPRI), which is used to perform ad-hoc surveys of surface deformation in high alpine environments [56, 57] . On 28 September 2017, we flew with helicopter on a convenient location to gain a complete view of the Moosfluh instability (see Figure 1 ). Radar acquisitions were performed every minute, and differential interferograms were stacked to obtain average surface velocities (in the sensor's LOS) over the entire period of acquisition (see Figure 6 , left). The results show a clear representation of the most active portions of the Moosfluh rock slope, with values well in agreement with independent measurements (cf. Figure 5 ). The second instrument is a Mobotix M25 Time Lapse Camera (TLC, resolution 2592 × 1944, i.e., 5Mpixel) installed in 2014 (see location in Figure 1 ) continuously acquiring optical imagery and since September 2016 directly transmitting the data every 10 min via GSM network to a remote server located at ETH Zurich. By applying the same Digital Image Correlation presented in Section 2.2 on a pair of TLC pictures (26 September and 28 September 2017), we retrieved comparable surface velocities as obtained from GPRI, although DIC measurements are in the camera view plane (i.e., almost orthogonal to the GPRI line of sight). These results demonstrate that both radar and optical ground based instruments may help gaining information within minutes over the entire slope affected surface deformation, and thus more suitable to obtain indications about spatial and temporal changes potentially leading to slope failure events.
September 2017), we retrieved comparable surface velocities as obtained from GPRI, although DIC measurements are in the camera view plane (i.e., almost orthogonal to the GPRI line of sight). These results demonstrate that both radar and optical ground based instruments may help gaining information within minutes over the entire slope affected surface deformation, and thus more suitable to obtain indications about spatial and temporal changes potentially leading to slope failure events. Figure 1 ). Unreliable and/or outlier DIC values are masked out. The large deformation occurring in the lower portions of the Moosfluh slope is well mapped from both techniques in a short temporal frame, and average velocities are in agreement with independent ground measurements (cf. Figure 5, p75 ).
Conclusions
To evaluate the failure potential of active rock slope instabilities, a fundamental understanding of the predisposing factors and physical processes driving the slope movements and accelerations is essential [58, 59] . This process understanding depends on high-resolution spatial and temporal records of slope displacements and the corresponding driving forces, such as pore pressure from rainfall and snow melt, surface temperature or glacial retreat. Without this background knowledge, interpretation of slope displacement histories, landslide hazards and risks, and predictions of the time-of-failure remain purely empirical and unreliable [60] . Models of failure forecast purely driven by observations, e.g., the inverse velocity method, might indicate a catastrophic failure potential of the entire slope, however, failure might not occur or only at minor portions [61]. These principles Figure 1 ). Unreliable and/or outlier DIC values are masked out. The large deformation occurring in the lower portions of the Moosfluh slope is well mapped from both techniques in a short temporal frame, and average velocities are in agreement with independent ground measurements (cf. Figure 5, p75 ).
To evaluate the failure potential of active rock slope instabilities, a fundamental understanding of the predisposing factors and physical processes driving the slope movements and accelerations is essential [58, 59] . This process understanding depends on high-resolution spatial and temporal records of slope displacements and the corresponding driving forces, such as pore pressure from rainfall and snow melt, surface temperature or glacial retreat. Without this background knowledge, interpretation of slope displacement histories, landslide hazards and risks, and predictions of the time-of-failure remain purely empirical and unreliable [60] . Models of failure forecast purely driven by observations, e.g., the inverse velocity method, might indicate a catastrophic failure potential of the entire slope, however, failure might not occur or only at minor portions [61]. These principles apply to all monitoring methods, however, satellite based measurements of surface deformation, both from optical and radar sensors, present additional intrinsic limitations. Here we have shown that when considering the ESA Sentinels over active slopes, surface velocities are often too high for DInSAR analyses but below sensitivity thresholds of Digital Image Correlation approaches, thus, extreme caution must be taken when using this data for systematic monitoring applications as well as in their interpretation. At the current stage, only ground based monitoring instruments, including standard in-situ and remote sensing methods, can ensure systematic and accurate displacement measurements, as well as the very high temporal resolution needed for process understanding, real time monitoring, and/or forecasting of catastrophic slope failure events.
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